Introduction
Fungi are widespread all over the world and have occupied almost every ecological niche, not only in terrestrial but also in freshwater and marine environments. For survival, secure access to living space and sufficient nutrition, fungi have developed a rich chemical ecology to survive the attacks of competitors and predators by the process of natural selection.
1
For instance, secondary metabolites serve chemical defense purposes, communication purposes, symbiotic interaction purposes, which have resulted in fungi as a promising reservoir for biologically and pharmaceutically active molecules attracting ever-growing studies.
2
Phenyl ethers derived from a simple aromatic tetraketide orsellinic acid are a family of fungal metabolites that containing 5-methylbenzene-1,3-dioxy substructure. Their chemical diversity is attributed to: the number of orsellinic acid presented in these ethers (dimers in most cases and rare trimers); [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] differences in hydroxylation and decarboxylation of the orsellinic acid subunit;
3,4,6,9-12 multiformity of the ether bonds formed from phenolic hydroxyl groups; 3, 6, 8, 10 ,11 differences in glycosylated and prenylated modications; 3, [5] [6] [7] [8] 13 and fusion of orsellinic acid derived units with other polyketide units, 10, 14 such as C-C fusion of an anthraquinone and orcinol unit.
10 Among these structurally diverse orsellinic acid-derived phenyl ethers, diphenyl ethers were found to have various functions such as antiviral, 3 antibacterial, 4, 7, 9 anticancer, 5, 6, 8 antifungal, 15 acetylcholinesterase (AChE) inhibiting, 9 antioxidant, 10 osteoclastogenesis inhibiting, 16 and geranylgeranyl diphosphate synthase inhibiting 11 activities, and other orsellinic acid-derived phenyl ethers, such as F9775A and F9775B, were shown to have antiosteoporosis activity. 17 As part of our efforts for biological fungal metabolites, chemical investigations of fungi isolated from several marine sponges collected from Yongxing Island were initiated. 18, 19 In the course of antibacterial activities-guided screening, a fungal strain Aspergillus versicolor 16F-11 (KM605199) isolated from marine sponge Phakellia fusca aroused our interest as the EtOAc extract of this fungal culture showed antibacterial activity against a panel of pathogenic bacteria. Our investigation of the EtOAc extract of the liquid fermentation of this fungus led to the discovery three racemates of diorcinol monoethers, (AE)-versiorcinols A-C (1-3). Enantioseparations for (AE)-1, (AE)-2, and (AE)-3 were achieved on chiral HPLC to afford the enantiomers (+)-1 and (À)-1, (+)-2 and (À)-2, and (+)-3 and (À)-3, respectively. The structures and absolute congurations of 1, 2, and 3 were unambiguously elucidated by high/low temperature 1D and 2D NMR spectra (recorded at 80 C in DMSO-d 6 
Results and discussion
The fungus A. versicolor 16F-11 was cultivated on fungal liquid medium for 12 days. The crude EtOAc extract of the whole fermentation broth was fractionated by preparative medium pressure liquid chromatography (MPLC) followed by RP-HPLC chromatography to yield (AE)-versiorcinol A-C (1-3, Fig. 1 and C1 00 (c, Fig. 2 ) as no 1 H/ 13 C correlation(s) between ring D and A/B/C could be found in the HMBC spectrum ( Fig. 2 and ESI, Fig. S21 †) . Initial proofreading the experimental NOEs with the spatial locations of the corresponding hydrogens in the most stable conformers of structures of a, b, and c (Fig. 2) 20 have found increased utility in natural product assignments.
21 In this Table S3 †) . This comparison was also judged by DP4 probability, using t distribution and DP4-database 2.
22,23 DP4 analysis identied a as the real structure of versiorcinol A (1) from two possible structures (a and b) with a probability of 100.0% (using both carbon and proton data; 0.0% for b).
Accurate and rapid computations of proton SSCC are particularly attractive as SSCCs carry a plethora of structural information helping to inform and guide the structural assignment of complex organic molecules. In 2015, Kutateladze and Mukhina improved the SSCC calculation based on parametric scaling of the DFT-computed Fermi contacts (FCs), extended by a "minimalistic relativistic force eld" (DU8) that utilized the natural bond order (NBO) hybridization coefficients for parametric scaling, requiring only four general types of SSCCs.
24 The (wall) time for running a individual conformer of a size on a single 4-core Linux node does not exceed 1 h and yet gives 0.4 Hz rmsd, which is usually sufficient for unambiguous structural assignment. The geometries of conformers of a and b were rst optimized using B3LYP/6-31G(d) PCM/DMSO level of theory, followed by calculation of SSCCs of each conformer using DU8 basis set Table S5 †) . Taken collectively, our computational evidences strongly suggest that a is the true structure of 1.
25 Fig. 5 illustrates how well its multiplets are simulated with the computed SSCCs of a.
The lack of optical activity indicated the racemic nature of 1. (Fig. 6) .
The absolute congurations of (+)-1 and (À)-1 were determined by TDDFT ECD calculation. The B3LYP/6-31G(d) PCM/ MeOH reoptimization of the 91 MMFF conformers of (7R)-1 yielded 14 conformers above 1% (ESI , Tables S6 and S7 and Fig. S4 †) . The resulted theoretical ECD spectrum were in fairly good agreement with the experimental ECD spectrum for (+)-1 (Fig. 6) . Therefore, 7R and 7S were nally assigned for (+)-1 and (À)-1, respectively.
(AE)-Versiorcinol B (2) has a molecular formula of C 22 tremendously at 80 C in DMSO-d 6 (ESI, Fig. S10 and S11 †), we thus registered the 1D and 2D NMR spectra of 2 at 80 C in DMSO-d 6 . However, several carbon signals were still broadened. As a consequence, a few key HMBC correlations were unexposed in its HMBC spectrum. Then, we resorted to cryogenic NMR experiments. Pre-examination the 1 H NMR spectra of 2 (dissolved in CD 3 OD) showed that when the temperature dropped to À20 C, two sets of well-distinguished peaks were emerged and, moreover, this distinctiveness and the shape of peaks were further improved at À40 C (ESI, Fig. S12 †) . Accordingly, we rerecorded the 1D and 2D NMR spectra of 2 at À40 C in CD 3 OD as well. An initial study of the 1 H NMR data ( (Fig. 7) .
The MMFF conformational search resulted in 35 conformers for (7S)-2, which were reoptimized at the B3LYP/6-31G(d) with PCM model for MeOH level, yielding 22 conformers above 1% (ESI , Tables S6 and S8 and Fig. S5 †) . The Boltzmann-averaged ECD spectrum for (7S)-2 reproduced well the two ECD transitions of the experimental spectrum of (À)-2, enabling the unambiguous assignments of the 7R and 7S absolute congu-rations for (+)-2 and (À)-2, respectively (Fig. 8) .
(AE)-Versiorcinol C (3), which also consists of a pair of enantiomers, has the same molecular formula of C 22 Fig. S13 and S14 †), we then registered the 1D and 2D NMR spectra of 3 at 80 C in DMSO-d 6 .
Detailed comparison of its NMR data with those of 2 indicated that the only difference between 3 and 2 is the small deviation of the values of chemical shis and coupling constants ( considerations, the ring E, formed through the formation of an ether bond between C1 and C3 0 , was assigned to accommodate the last degree of unsaturation and complete the structure of 3.
The initial MMFF conformational search of (7S)-3 resulted in 24 conformers. The B3LYP/6-31G(d) PCM/MeOH optimization of these conformers yielded 17 conformers above 1% (ESI ,  Tables S6 and S9 and Fig. S6 †) . The overall ECD spectrum for (7S)-3 is in good accordance with the experimental ECD for (+)-3 ( Fig. 10) . Therefore, the absolute congurations of (+)-3 and (À)-3 were designated as 7S and 7R.
The 1 H-and 13 C-NMR spectra of 2 at À40 C in CD 3 OD revealed doubling of signals, which suggested the presence of two conformers in solution separated by a relatively high energy barrier. To support this hypothesis, VT 1 H-NMR study was conducted for compounds 1-3.
As shown in Fig. 11-13 , the 1 H NMR spectra of 1-3 at different temperatures in CD 3 OD, ranging from À60 C to 60 C, were recorded. At 25 C, the 1 H NMR of 1 and 3 displayed sharp and well J-coupling splitted peaks ( Fig. 11 and 13 ), while in the 1 H NMR of 2, the whole 1 H NMR spectrum was broadened seriously (Fig. 12) , which even let us suspect whether we got the pure form of 2 before. When the measurement temperature raised to 60 C, all the originally unresolved peaks of 2 were emerged, though with "apparently simple" peak pattern, indicating that this low-resolved peak pattern could be further rened and nally resolved as the temperature grows if possible (the boiling point of MeOH is 64.7 C), whereas the 1 H NMR spectra of 1 and 3 had almost no change. On the contrary, when the temperature dipped to À20 C, several peaks of 1 were disappeared, while the other peaks of 1 were broadened in varying degrees; all of the proton signals in 3 were just broadened (with varying degrees); two sets of well-discriminated peaks of 2 in a nearly 1.39 : 1.00 ratio were well resolved. The discrimination of the paired signals as well as the splitting and shape of the relevant peaks of 2 were further rened at À40 C.
However, the trend for forming paired signals of 1 lagged behind that of 2. As shown in Fig. 11 , the paired signals of 1 (1.19 : 1.00) were appeared and well-resolved till the temperature was dropped to À60 C. For 3, even at À60 C (Fig. 13) , the 1 H NMR spectrum was yet broadened, with the beginning of the sign of paired signals being discerned for the methyl group at 2.0-2.2 d H (1.79 : 1.00; because of the lowest-temperature limitation of our available NMR probe, we didn't record 1 H NMR spectra of 3 at lower temperatures than À60 C).
For compound 1 (Fig. 11) , using the H 3 -7 0 signals as a marker, two conformers were in slow exchange at À60 C, therefore, two absorptions for this methyl group were individually detected. At À40 C, conformational exchange was fast enough for time averaging to cause broadening of these two absorptions. At À20 C, the increased rate of exchange has caused a initial coalescence of the methyl signals at ca. 2.12 ppm. At 25 C, the methyl signal has sharpened dramatically. Thus the coalescence temperature (T C ) of this methyl was slightly higher than À20 C. This coalescence of signals was noticed for the entire 1 H NMR spectrum, although the other Fig. 13) , using the H 3 -7 0 signals as a marker, at a T C of À40 C, the two signals for this methyl group coalesced to a single peak at ca. 2.14 ppm. The free energies of activation for the interconversion between the two unequally populated conformers of versiorcinol A (1), versiorcinol B (2), and versiorcinol C (3) can be calculated using the modied Eyring's equations (a and b): 26 
DG ‡
A ¼ 4.57T C {10.62 + log[X/2p(1 À DP)] + log(T C /Dv)} (a) and DG ‡ B ¼ 4.57T C {10.62 + log[X/2p(1 + DP)] + log(T C /Dv)} (b), where X ¼ 2psDv and DP ¼ P A À P B . P A and P B represent the population of the conformers A and B (P A > P B , P A + P B ¼ 1), respectively, s is the mean lifetime, T C is the coalescence temperature, and Dv is the chemical shi difference between the two lines expressed in Hz (v a À v b ). X is obtained using equation (c): In the cases of the bioactivities, in vitro cytotoxic activity evaluation for racemates (AE)-1, (AE)-2, and (AE)-3 and enantiomers (+)-1 and (À)-1, (+)-2 and (À)-2, and (+)-3 and (À)-3 was performed indicating that none of them displayed cytotoxicity toward MCF-7 and U937 cell lines even aer 72 h treatments at the highest dose of 20 mmol L À1 (mM). For antibacterial activity testing (ESI, Table S10 †), however, the racemate (AE)-1 and enantiomers (+)-and (À)-1 showed medium antibacterial activity against Staphylococcus aureus (32, 32, and 16 mg mL À1 , respectively), methicillin-resistant Staphylococcus aureus (64, 64, and 32 mg mL À1 , respectively), and Enterococcus faecalis C1129
(64, 64, and 32 mg mL
À1
, respectively); no antibacterial activity against Escherichia coli, Salmonella typhimurium SL1344, Acinetobacter baumanii ATCC19606, and Klebsiella pneumoniae ATCC13883 was observed (MIC > 64 mg mL À1 ).
Conclusions
We reported three racemates of diorcinl monoethers, (AE)-versiorcinols A-C (1-3), isolated from the marine sponge P. fusca associated fungus A. versicolor 16F-11. Although structural elucidations on the basis of room temperature NMR experiments could not resolve the structures of 1, 2, and 3, the 1D and 2D NMR experiments carried out at À40 C in CD 3 
Experimental section

General procedures
Analytical thin-layer chromatography (TLC) systems were carried out on silica gel 60 F 254 plates. 1 H, 13 C, DEPT135, COSY, HSQC, HMBC, NOESY, and ROESY NMR spectra were collected on an Agilent 600 MHz NMR instrument. UV and IR (lm) spectra were recorded on a Hitachi U-3010 spectrophotometer and Jasco FTIR-400 spectrometer, respectively. Optical rotation measurements were conducted on a PerkinElmer model 341 polarimeter with a 10 cm length cell at room temperature. CD spectra were acquired on a Jasco J-715 spectropolarimeter at room temperature. HRESIMS spectra were determined on a Waters Xevo G2-XS QTOF spectrometer. HPLC-MS spectra were obtained using a Waters HPLC system equipped with a Waters Acquity QDa spectrometer and a Waters XBridge C18 column (Waters, 4.6 Â 250 mm, 5 mm). Preparative MPLC was performed on an Interchim Puriash 450 Instrument. Semipreparative reversed-phased HPLC (RP-HPLC) was performed using a Waters 1525 pump equipped with a 2998 photodiode array detector and a Waters XBridge C18 column (Waters, 10 Â 250 mm, 5 mm). Chiral HPLC separation was performed using CHIRALCEL OJ-RH column (150 Â 4.6 mm, 5 mm).
Fungal material
The fungus Aspergillus versicolor 16F-11 was isolated from the inner tissue of the sponge Phakellia fusca collected from Yongxing Island, China and was identied by its rDNA amplication and sequence analysis of the ITS region (GenBank accession no. KM605199). A voucher specimen was deposited at the School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai, China.
Culture, extraction, and isolation
Aspergillus versicolor 16F-11 was initially grown on PDA medium in a Petri dish for recovery (7 days Chloramphenicol was used as the positive control and exhibited MICs of 4, 8, 4, 2, 32, 2, and 4 mg mL À1 , respectively, against the above mentioned bacteria.
Cytotoxicity assay
The cytotoxic activities of racemates (AE)-1, (AE)-2, and (AE)-3 and enantiomers (+)-1 and (À)-1, (+)-2 and (À)-2, and (+)-3 and (À)-3 against the human breast cancer cell MCF-7 and the lymphoma cell U937 were evaluated by the CCK-8 method as described previously. 29 The MCF-7 and U937 cell lines were obtained from the Institute of Biochemistry and Cell Biology (Shanghai, China). 3 OH level of theory) and TDDFT calculations (using various functionals (B3LYP, BH&HLYP, PBE0, CAM-B3LYP) and TZVP basis set) were performed with Gaussian 09. Boltzmann distributions were estimated from the B3LYP/6-31G(d) relative thermal free energies (DG) in the PCM/MeOH model calculations. In a preliminary set of calculations with versiorcinol A (1), the ECD spectra, calculation at B3LYP/TZVP level in MeOH (PCM), give the best agreement with the experimental one; therefore, this level of theory was used in all the subsequent TDDFT calculations. The ECD spectra were generated using the program SpecDis 33 by applying a Gaussian band shape with the width of 0.35 eV, from dipole-length rotational strengths. The MOLEKEL 34 soware package was used for visualization of the results.
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